Abstract
Introduction
Volatile organic compounds (VOCs) are petrochemical based hazardous compounds that are present in almost all chemical waste or product stream at different range of their composition. Discharging of VOC included waste-water to the domestic water is a potential threat for the human health and water ecosystem. Therefore, it is mandatory to remove those chemicals from the waste-stream below the level of ppm [1, 2] . Because of the low concentration of VOCs in water, advanced and costly methods are required to purify water [3] . The most common techniques used for VOCs removals are adsorption, air stripping, oxidation, distillation, and biological treatment methods are used to remove the VOCs from product or wastestream [4] . In the case of the adsorption method; zeolites, clays or different adsorbents are used to retain these impurities. However, a regeneration step is required to recover adsorbent to use over again. Air stripping is a relatively cost-effective process and it does not need additional chemicals to remove VOCs. However, it is only feasible if the VOCs are present at high concentration in waste-water. Contrary to the air stripping, biological treatment is only effective if the concentration of VOC is low [5] . Membrane based separation process such as pervaporation (PV) is an alternative technique to purify the waste-water efficiently [6] [7] [8] .
Pervaporation is defined as a permeation selective evaporation and it is suitable to separate close boiling point, thermally-sensitive, and azeotropic mixtures selectively [9, 10] . It is clean and cost effective method to separate the small amounts of organics from the water. Based on the non-porous selective membrane usage, pervaporative separation character is clearly explained by solution-diffusion phenomena [11] [12] [13] . This model basically consists of three main steps for a liquid mixture separation; sorption of the selected component on the surface of the membrane, diffusion throughout the membrane, desorption to the downstream side of the membrane in vapour phase. Compared the other membrane process, pervaporative separation is operated without a remarkable energy requirement. Currently, there are several commercial PV units for dehydration of bio-ethanol and VOC removal [14, 15] .
Still, academic studies centre upon the pervaporative desulfurization, aroma recovery, chemical synthesis, waste treatment, and desalination processes [16] [17] [18] .
The pervaporative VOCs separation is an attractive research area. However, it is needed to make much effort on membrane preparation with high separation performance. Based on their low concentration of VOCs pollutants in the waste-water, it is required to separate them selectively from the bulk water stream. Until now, there are many of reported studies related to pervaporative separation of alcohol, ether, toluene, phenol, and benzene [19] [20] [21] .
In the literature, acetone removal by pervaporation has also been studied [22] [23] [24] . In those studies, plain polymeric membranes have been used. Experiments are still being made to provide suitable conditions and desired separation performance with different membranes. Acetone is very important chemical intermediates due to its wide variety of the industrial application from plastic and drugs. It is also produced by acetone-butanol-ethanol fermentation and it must be removed from the fermentation broth to preserve the bio-activity of the microorganism [23] . The solubility of the acetone in water is very high even at low temperature. Thereby, it becomes hard to separate the dissolved acetone from the water by the conventional separation technique [25] . In the literature, purification of dilute acetone-water mixture by PV has been studied by the hydrophobic membrane [26, 28] .
Hydrophobic membranes are preferred to separate organic chemicals from water or to separate the organic mixtures from the each other. These types of membranes such as poly(dimethylsiloxane)(PDMS) exhibit a strong affinity to the organic solvents. However, the virgin hydrophobic membranes exhibit very low flux or low organic selectivity. Therefore, it is needed to improve both productivity and selectivity of the polymer by making some modifications (e.g. cross-linking, blending, inorganic or organic incorporation).
POSS (poly(hedral oligomeric silsesquioxane) is a cagelike nano-sized particle that includes various types of organic groups such as alkyl, olefin, alcohol, acid, amine, epoxy and sulfonate [29] . Recently, due to the good compatibility property of the POSS within the polymers, it has been preferred as active filler in the mixed matrix membranes. Moreover, it gives a good thermal, mechanical and chemical stability to the polymeric matrix [30] . POSS is also used as filler in gas separation, catalytic reaction, and pervaporation [29] . The octavinyl POSS is a hydrophobic materials and it is very effective to separate organics from the water selectively.
The main objective of the present study is preparation of the POSS loaded PDMS hybrid membrane with good separation performance. Due to the hydrophobic nature of the POSS, the effect of POSS incorporation on the separation performance has been investigated in the present study. To the best our knowledge, POSS incorporated PDMS membranes have not been used for acetone removal earlier. The structural properties of the PDMS and octavinyl POSS are very similar. Fig. 1 shows the schematic representation of the vinyl terminated PDMS, octavinyl POSS and benzoyl peroxide. In this respect, good structural compatibility will be expected in membrane formation. Therefore, the hybrid membrane is estimated to show a good selective separation capability.
Fig. 1 Schematic representation of the chemicals

Experimental 2.1 Materials
Vinyl terminated PDMS (Silastic New GP30) was kindly supplied by Dow Chemical Company. Octavinyl POSS was purchased from Hybrid Plastics. Benzoyl peroxide (BPO) (98% purity) as cross-linking agent and acetone (99.5% purity) were purchased from Aldrich Chemicals.
System description
The pervaporation test system is shown in Fig. 2 . The system consists of a membrane cell, a vacuum pump and three cold traps. The membrane cell is present in an oven to operate the experiment at a constant temperature. The temperature of the membrane cell is controlled by a thermometer. A mechanical stirrer is also put on the membrane cell to provide a constant agitation. The effective separation area of the membrane is 19.625 cm 2 , and the volume capacity of the cell is 250 ml. Experiments were carried out at different temperatures, with a constant pressure difference. The upstream side of the cell was kept at atmospheric pressure and 1 mbar pressure was applied at the downstream side to create a concentration gradient between the sides of the membrane. The vacuum contributed to evaporate the permeate solution at the operating temperature. Vapour stream was condensed at the cold traps by liquid nitrogen. Liquid permeate samples were taken from the traps with one hourly interval to determine the concentrations. 
Membrane preparation
POSS loaded PDMS membrane was prepared by the phase inversion method. In this study, POSS was added as selective filler to increase the acetone separation factor. For this purpose, 10 wt.% PDMS was dissolved in chloroform and the solution was stirred for 10 hours at 50 ºC. After a homogeneous solution had been obtained, different amount of POSS and 4 wt.% dehumidified benzoyl peroxide (respect to the total polymer weight) were added to the polymer solution and stirred for 2 hours at the room temperature. The solution was poured on to a Teflon plate and dried over-night. Then, the polymeric film was cured in a vacuum oven at 185 ºC for 6 hours to complete the cross-linking reaction between the peroxide and vinyl groups of the PDMS and POSS. This process was important to remove the residue solvent and benzoic acid from the membrane.
Membrane characterization
The structure of the hybrid POSS-PDMS membrane was analyzed by a JEOL JSM-6335 F Field Emission Scanning Electron microscope. Liquid nitrogen was used to cryogenically break the membranes. The samples were coated with gold before the analysis. POSS distribution was also analyzed by Nikon Polarized Light Microscope. Hydrophobicity of the membrane was tested with contact angle measurement by means of KVK Attension Instrument.
Pervaporative separation
The pervaporative separation of the acetone-water mixture was studied at different temperatures over a range from 30 °C to 60 °C and different acetone concentrations (1, 3, 5 and 10 wt.% acetone). Separation performance of the study was evaluated in terms of the total flux and acetone separation factor.
Analysis
The concentration of the permeate solution was determined by Agilent 7980 gas chromatography (GC) with Thermal Conductive Detector (TCD). HP-FFAP polyethylene glycol capillary column was settled in GC. The detector temperature was 280 °C and the oven temperature was 220 °C.
Sorption test
Sorption experiments were applied to determine the affinity of the membrane to the immersed component. Membranes were cut into equal pieces having 1 cm 2 area and they were immersed in acetone-water solutions (3 wt.%, 10 wt.% and 100 wt.% acetone). The time-dependent sorption capacity and degree of swelling values of the membranes were obtained by this experiment. The degree of swelling (DS) was calculated by the Eq. (1)
where the W i and W f represent the initial and final weight of membrane samples respectively. Sorption experiments were also applied to the non-crosslinked pure PDMS membrane in order to determine the effect of cross-linking reaction on separation performance of the membrane.
Calculation
The separation performance of the membrane was evaluated by calculation of the total flux (J) (kg/m 2 .h) and acetone separation factor (β). Flux was calculated by means of the measured mass of the permeate solution by the Eq. (2).
The acetone concentration in the permeate stream was obtained from the GC analysis. The acetone separation factor was calculated by the Eq. (3).
M p (kg) represents the total mass of the permeate, A (m 2 ) is the effective separation area of the membrane, t (h) is operating time. P Act and P w describe the mass fractions of acetone and water in the permeate stream respectively. F Act and F w represent the mass fractions of acetone and water in the feed mixture respectively.
Results and Discussion
Membrane characterization
Membrane characterizations were applied to determine the morphological and structural behavior of the pristine and POSS loaded membrane. SEM micrographs of the POSS loaded PDMS membranes are seen in Fig. 3. Fig. 3a represents the homogeneous distribution of the POSS particles on the surface of the PDMS matrix. Fig. 3b confirms that the POSS is fully compatible with the PDMS. There is no contact-free region between the boundary layers of two different materials. Fig.  3c shows that POSS particles aggregate on the top surface of the membrane. This can be attributed to the slow evaporation process of the membrane preparation procedure. Fig. 3d confirms the non-defected membrane formation and good adhesion between the PDMS and POSS particles. Hydrophilic-hydrophobic characters of the pristine and hybrid membranes were analyzed by means of the contact angle measurement under pure water drop. There are many of characterization techniques to determine the hydrophobicity of a material. Among these, the contact angle measurement is the simplest one. When the water droplets contact with a pure surface, an angle occurs. In the case of the hydrophobic materials, this angle is mostly near or greater than 90°. If the hydrophobicity increases on the surface, the angle also increases. Fig. 5a and Fig. 5b show the contact angle measurement results of the pristine and POSS loaded membrane respectively. As it can be evaluated, both the pristine and the hybrid membranes were hydrophobic. When the POSS materials are incorporated in the PDMS matrix, the contact angle and hydrophobicity of the membrane enhanced. In the literature, it has been reported that the maximum water contact angle on a smooth surface is 120°. After that point, polymer is defined as super-hydrophobic [28] . As it is represented in Fig. 4b that the POSS loaded membrane shows a super-hydrophobic surface. Meanwhile, it is expected that the hybrid membrane may show better acetone separation factor than that of the pristine PDMS membrane. 
Sorption results
According to the solution-diffusion model, the prior factor for determining the separation efficiency is the membrane-solvent affinity. This factor also plays an important role to select an appropriate membrane material. Theoretically, solubility parameters are used to predict the relationship between the membrane material and solvent. Experimentally, sorption experiments contribute to select a suitable material for the membrane to be used in PV.
In this study, the acetone and water were used in pervaporation experiments. Hence, the affinities of the pristine and POSS loaded membranes to acetone-water solutions were studied by means of sorption experiments. Fig. 6 indicates the degree of swelling results of the pristine and hybrid membranes for different concentrations of acetone-water mixtures. PDMS showed a strong affinity to the acetone. Therefore, the swelling degree enhanced when the acetone concentrations were increased. Remarkably, swelling degree of the hybrid membrane was lower compared to the pristine PDMS. POSS addition might lead to a decrement in plasticization effect of the PDMS and the swelling degree was restricted as expected. In this case, it is possible to predict that acetone may be selectively separated from the model solution by the hybrid PDMS membrane. Fig. 7 shows the separation results of the hybrid membrane in terms of the total flux and acetone separation factor. As it can be seen from the Fig. 7 , flux value decreased from 0.141 (kg/m 2 .h) to 0.124 (kg/m 2 .h) slightly when the POSS loading was increased from 0 wt.% to 15 wt.%. Indeed, this result was predictable from the data of the swelling experiments. As it was mentioned before, swelling degree of the membrane was restricted and the plasticizing effect was reduced by the POSS incorporation. PDMS has flexible chain structure. Compared to PDMS, the solvent transition is difficult throughout the intermolecular void-spaces of the POSS particles. Additionally, these types of fillers may cause a decrement in permeability of solvent by leading an increment in tortuous pathway. Because of the drastic difference between the flux results of the pristine and hybrid membrane, the separation result of this study is an example of that claiming. Unlike the flux, acetone separation factor showed a rising trend with filler incorporation up to a certain point. This result was attributed to the restricted chain mobility and swelling degree of the polymer by addition of the POSS. After 10 wt.% POSS loading ratio, a little decreasing was seen in separation factor caused by excessive POSS loading. Because of the agglomeration and non-homogenized distribution of the particles in the matrix, selective separation capability of the composite membrane could be negatively affected [31] . Hence, optimum POSS ratio was determined as 10 wt.%. Effect of operating condition on separation performance was evaluated at constant POSS loading (10 wt.%). When the separation factor was evaluated, 200% improvement was achieved by POSS addition.
Effect of POSS loading on separation performance
Effect of acetone concentration on separation performance
The relationship between acetone and PDMS was mentioned in the Section 3.2. Hence, the flux increment with the increasing acetone concentration was an expected result. This claiming was confirmed as it can be observed at Fig. 8 . When acetone concentration increased from 1 wt.% to 10 wt.%, flux increased from 0.008 kg/m 2 .h to 0.1 kg/m 2 h. As the acetone concentrations were increased in the feed mixture, the degree of swelling enhanced due to the hydrophobic nature of the PDMS. Flux enhancement might be explained by the easy permeation ability of the solvents through the swollen molecular void spaces of the PDMS membrane. However, water passage was also allowed by the swollen chains of the membrane. Hence, separation factor decreased as it is seen in Fig. 8 . Hydrophobic membranes are suitable to separate small amount of organic compounds from the water. If the water purification is the subject, obtaining a high separation factor associated with an applicable flux is desired. These pollutants are present as dissolved form in the water with a very low concentration. Hence, it is expected to observe very low permeate flux for the pervaporative organic-water removal. As it is shown in Fig. 8 , the best separation factor was achieved as 237 when the acetone concentration in water was 1 wt%. When the acetone concentration increased from 1 wt.% to 10 wt.%, separation factor decreased from 237 to 21. Fig. 9 indicates the effect of temperature on the separation performance. When the temperature increased from 30 °C to 60 °C, flux enhanced from 0.04 kg/m 2 .h to 0.092 kg/m 2 .h. Temperature directly affects the structural properties of the polymer and the thermodynamic behavior of the solvents. Pervaporation is a membrane separation process where a non-porous selective membrane is used. Meanwhile, the compound diffusion occurs throughout the molecular void's spaces of the membrane material. In the case of a polymeric membrane, temperature accelerates the segmental motion of the flexible polymer. This circumstance leads to an enlargement in the void-spaces of the polymer. Especially for the rubbery polymer that has low glassy transition temperature (Tg), permeability enhances with the increasing temperature. Besides the structural properties of the membrane, the diffusivity and solubility of the components increase with temperature. The flux increment is also related to the physicochemical properties of the components. Due to the high solubility parameter of the acetone into water, water drifts along with the acetone molecules and the separation factor decreases. The trend of the pilots in Fig. 9 is an example of this case. As it is indicated, the flux and the separation factor showed a trade-off trend depending on the temperature. Although the flux enhanced, the selective property of membrane was suffered from the enlarged void-spaces of the polymer. The acetone separation factor decreased from 105 to 48 as the temperature increased from 30 °C to 60 °C as expected.
Effect of temperature on separation performance
Comparison of results with literature data
There are two important outputs for all membranes to be used in pervaporation. Separation factor defines the selective character. Flux determines the productivity of the membrane and it should be a reasonable value. Flux and separation factor can show a trade-off trend with temperature or feed concentration. In order to compare the performance of the system under the different conditions, pervaporation separation index has been defined (PSI). It allows for the evaluation of the overall pervaporation performance. It can be defined as the product of total permeation flux and selectivity. However, this definition changes according to the viewpoint of authors. Some authors claimed that the separation factor cannot be 1. This mean, there is no selective separation. If there is no selective separation, then it is not true to mention the "pervaporation separation index". Thereby PSI is defined as Eq. (4).
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The comparison of the pervaporative separation of acetone results from the literature and the present study are given in Table 1 . To the best our knowledge, this is the first study that incorporates the POSS material into a PDMS for purification of acetone-water mixtures. As can it be understood from the table, very good separation factor associated with a reasonable flux value was achieved in the present study. And the PSI factor confirmed that result.
Conclusions
In the present study, the pervaporative separation of acetone-water mixtures was studied by means of the pristine PDMS and POSS loaded PDMS membranes. Optimum POSS loading was determined as 10 wt.% and compared to pristine ones, 212% separation factor improvement was achieved. The highest separation factor was obtained as 237 (1 wt.% acetone) at 30 ºC. Better PSI that means high separation factor with acceptable flux was achieved at 50 ºC. As a result of this study, it is concluded that the POSS incorporated PDMS membrane could be a suitable membrane to separate organics from water and it would be a good commercial membrane candidate after some improvements. Removal 
